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Pt single atom catalysts anchored on the surface of anatase TiO2 have recently been shown to be 

stable through oxidation and reduction conditions and exhibit higher catalytic activity in CO 

oxidation than Pt metallic clusters. In this work we unravel the atomistic nature of the isolated Ptiso 

species on anatase TiO2 thanks to the combination of CO probe molecule Fourier Transform 

Infrared (FTIR) and temperature programmed desorption (TPD) experiments with an extensive set 

of Density Functional Theory (DFT) calculations. We used the stretching frequencies and 

adsorption energies of CO bound to Pt as a fingerprint of the specific structure of the stable Ptiso 

species. These consist of Pt atoms bound to two excess O atoms on the surface (PtO2). The excess 

oxygen atoms on the surface arise from the formation of surface hydroxyl groups, and provide a 

solid anchor to the oxide support, which explains the high thermal stability of the single-atom Pt 

catalyst through oxidative and reductive treatments. Beside the single atom Pt species, also models 

of metallic, Ptmetal, and oxidized, Ptox, sub-nanometer clusters have been considered. Comparisons 

between characteristics of Ptiso species and sub-nanometer Ptmetal and Ptox clusters demonstrate that 

the combination of CO vibrational frequency and adsorption energy can be an effective approach to 

differentiate these species. 
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1. Introduction 

Heterogeneous catalysts based on highly dispersed precious metal clusters are traditionally used in 

chemical conversion, and environmental remediation [1,2,3,4], thanks to the enhanced activity of 

small metal aggregates supported on thermally stable metal oxides. In some cases, the activity of 

transition metal clusters is inversely proportional to the size [5,6]. Therefore, reducing the size of 

the aggregates to form small but thermally stable active units is becoming a key strategy to produce 

more efficient metal catalysts, with the additional benefit of reducing the costs of materials. Ideally, 

the desired ultimate size is that of a single atom. However, these species usually tend to aggregate 

during the synthesis process, or in the course of the catalytic reaction due to low barrier diffusion 

processes [7]. High thermal stability of the single atom catalysts is thus a key factor to maximize the 

utilization and productivity of precious metals. Among these catalysts, Pt is preferentially used, as it 

is very active in CO oxidation [8,9], methanol oxidation [10], hydrogenation of styrene [11], 

automotive oxidation catalysts [12], dye-sensitized solar cells [13,14], etc. This has motivated an 

increasing interest of the scientific community to the field of single-atom catalysts in recent years. 

For example, thermally stable, atomically dispersed Pt on CeO2 [15] or on Al2O3 [16] have been 

successfully synthesized by atom-trapping and sol-gel approaches. The highly thermal stability of 

the single Pt atoms is due to the strong interaction of Pt with a planar four-oxygen pocket on the 

CeO2 surface [17] or to the under-coordinated Al3+ cations in Al2O3 [18]. Another promising 

strategy for stabilizing single Pt atoms is the modification of activated carbon by small 

phosphomolybdic acid clusters, in which the Pt atom was trapped on a four oxygen hollow site in 

planar geometry [19]. Therefore, the high stability of isolated Pt single atoms depends on the nature 

of support, the presence of defects on the substrates, or of under-coordinated cations, anions or other 

active ligands.  

 Recently, we reported an approach that successfully produced catalysts consisting of 

thermally stable Pt atoms grafted on 5 nm particles of anatase TiO2, denoted as isolated Pt, Ptiso, as 

also used here [20]. It was shown that the Ptiso species remained as single atoms in a cationic charge 

state through thermal treatments in oxidative (450 °C in O2) and reductive (250 °C) pre-treatments. 

Based on the results from scanning transmission electron microscopy (STEM) and Fourier 

transform infrared spectroscopy (FTIR) of adsorbed CO, it was reported that these Ptiso/TiO2 

catalysts have a sharp unchanged IR band for CO adsorption (2112 cm-1) following calcination at 

450 oC, and in-situ reduction at 250 °C. The sharpness of the CO stretch (full width at half 

maximum, FWHM of 6-8 cm-1) indicated that the Ptiso species likely resided in a common 

adsorption location on the support (ie. single site species). Broader bands associated with CO 



adsorption on sub-nanometer diameter metallic Pt clusters, Ptmetal (2040-2090 cm-1), and oxidized Pt 

clusters, Ptox (2090-2140 cm-1) were also reported for higher weight loading Pt catalysts. The 

various supported species were classified also by using Temperature-Programmed Desorption 

(TPD) experiments which showed that the CO adsorption energy follows the trend Ptiso << Ptmetal < 

Ptox [20]. 

In an effort to better understand where the Ptiso species is located and what its local structure 

looks like, a detailed analysis of the TPD-IR has been performed to produce more quantitative 

estimates of the CO adsorption properties and correlated with a theoretical investigation. Single Pt 

atoms, PtO, and PtO2 units, small Pt3 and Pt4 nano clusters, and small oxidized PtxOy clusters 

deposited on regular and stepped anatase TiO2 surfaces have been studied by using the PBE+U 

method. Other models considered consist of a Pt atom replacing a lattice Ti or a lattice O on the 

surface. The CO molecule was used to probe the location, nature and bonding capability of the Pt 

atoms or Pt clusters under reducing or oxidizing conditions. The sensitivity of the CO molecule, in 

terms of vibrational frequency and adsorption energy, to the changes in Pt oxidation states and the 

local environment, provides an excellent probe to check the nature of the catalyst. The use of both 

CO vibrational frequency and adsorption energy for differentiating Pt location and structure is 

critical as it has been shown that the vibrational frequency of adsorbed CO alone is not sufficient to 

unambiguously identify the state of Pt species [21]. 

There are few examples where the exact nature of the single-atom catalysts has been 

unambiguously proven. For example, in a recent study, based on a comparison of FTIR and TPD 

spectra, TEM images, and DFT calculations, the nature of highly dispersed, thermally stable Ru 

species on monoclinic zirconia, m-ZrO2, has been elucidated [22]. One of the active species on the 

surface of the catalyst consists of isolated Ru atoms bound to an O atom of the surface derived from 

a hydroxyl group. This leads to the formation of a RuO species with low mobility and strong 

capacity to bind CO and other molecular species as well [22].  

In this report, we conclude from the DFT calculated structures that the high thermal stability 

of single Pt atoms results from PtO2 units strongly bound on the TiO2 surface, which shows 

excellent agreement with the calculated adsorption energy and vibrational frequency of CO from the 

experimental measurements by TPD-IR. It is demonstrated that the proposed Ptiso species can be 

differentiated from other Ptiso adsorption geometries and sub-nanometer oxidized and reduced Pt 

clusters based on the characteristics of CO adsorption. The paper is organized as follows. In Section 

2 we describe the experimental and computational procedures used. Section 3, Results and 

Discussion, has been divided in sub-sections. First we report the experimental IR and TPD data with 



the measured CO adsorption properties (3.1). In Section 3.2 we report the results of the DFT 

calculations analyzing the various models of Pt catalysts considered. The conclusions are 

summarized in Section 4. 

 

2. Experimental and Computational Methods 

2.1 Experimental methods 

The synthesis of catalysts containing exclusively Ptiso species was achieved as previously 

described, which utilized low weight loadings of Pt coupled with highly basic solution conditions to 

promote high dispersion, stemming from strong electrostatic adsorption of cationic Pt precursors to 

the support [20]. For the synthesis of Pt catalysts containing nanometer sized Pt clusters and no Ptiso 

species, an incipient wetness (dry) impregnation (DI) procedure was used at 1% Pt weight loading 

as previously described [20]. All catalysts were calcined in a tube furnace at 450 °C for 4 hours in 

flowing air to ensure removal of all amine and nitrate ligands from the Pt(NH3)4(NO3)2 precursor. 

Following calcination, catalysts were loaded into a Harrick Low Temperature Reaction 

chamber for the Ptiso catalyst characterization, or a Harrick High Temperature Reaction chamber for 

the Ptmetal and Ptox characterization. A Thermo Scientific Nicolet iS10 FTIR spectrometer with 

mercury cadmium telluride (MCT) detector cooled by liquid nitrogen was used. All gases fed to the 

reactor were regulated by mass flow controllers and passed across an isopropyl alcohol-liquid 

nitrogen cold trap held at -75 °C and a quartz tube filled with Drierite desiccant to remove moisture. 

The temperature of the reactor bed was calibrated for both reactors to ensure accurate measurements 

during temperature programmed desorption experiments. 

Once loaded into the reactor and prior to collecting spectra, catalysts were pretreated by 

either in-situ oxidation (300 °C for 30 min in 50 sccm of 10% O2/Ar) for the Ptox catalyst or by in-

situ reduction (250 °C for 1 h in 50 sccm of 10% H2/Ar) for the Ptiso and Ptmetal catalysts. The Ptmetal 

and Ptox catalysts were then cooled in Ar to room temperature. Due to the relatively low stability of 

CO on Ptiso at room temperature, the reaction chamber was evacuated to -85 kPa and cooled by 

liquid nitrogen to -140 °C. Background spectra were collected once desired temperatures were 

reached, CO was passed over the catalysts to saturation and the cell was then flushed with Ar. 

TPD experiments were performed using a relatively slow ramp rate, β= 10 °C/min, which 

enabled collection of high quality FTIR spectra at closely spaced temperatures. Redhead Analysis 

was performed by tracking the change in normalized, integrated intensity of the CO stretches at the 



various Pt adsorption sites as a function of temperature. A numerical derivative of the change in 

intensity as a function of temperature was then taken. The local maxima of the numerical derivative 

is a measure of the rate at which CO desorption is highest and corresponds to the temperature of 

peak desorption, Tp. With an assumed rate constant of ν=1015 s-1 previously justified [23,24] and 

using the ramp rate β= 10 °C/min, an adsorption energy for CO was calculated using the Redhead 

Equation [25], Equation 1 below. 

𝐸

𝑅𝑇𝑝
= ln (

𝜈𝑇𝑝

𝛽
) − 3.64                                                                       (1) 

 

2.2 Computational methods  

The calculations were performed using the Vienna Ab-initio Simulation Package (VASP) [26] with 

Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) exchange-correlation 

functional [27]. The self-interaction problem in DFT has been partly corrected using the DFT+U 

approach where the Hubbard’s U parameter is empirically set to 3 eV [28] for Ti 3d states. The 

Projector Augmented Wave (PAW) [29,30] method was adopted to treat core electron and nuclear 

interaction. The valence electrons explicitly treated are: Ti(3p6, 3d4, 4s2), Pt (5p6, 5d9, 6s1), O (2s2, 

2p6) and C (2s2, 2p4). We used plane wave basis set with cutoff energy of 400 eV and the 

calculation was done at the gamma point. The optimized structure was relaxed when the forces are 

<0.01 eV/A2 and the electron threshold is less than -0.002 eV. 

 3x1 and 2x1 supercell slab of five-atomic layers were used to model the anatase TiO2 (101) 

and the stepped TiO2 (145) surfaces, respectively. This corresponds to the formulas of Ti60O120 and 

Ti88O176. The slabs are separated by more than 15 Å of vacuum to avoid the interaction between 

them. The detailed description of these models is given in Ref. 31 . The TiO2 (101) surface 

terminates with two types of Ti cation, 5-fold coordinated Ti (Ti5c) and 6-fold coordinated Ti (T6c), 

located lower than Ti5c, and two types of O anion, 2-fold coordinated O sites (O2c) and 3-fold 

coordinated O sites (O3c), Figure S1.  

The CO adsorption energies, in eV, were calculated as the difference between isolated 

species and the adsorption complexes. Positive values indicate stable adsorbed species. The CO 

frequencies were computed within the harmonic approximation, in which CO and its first 

neighboring atoms were considered in the calculation. In gas phase, the CO bond length (1.144 Å) 

and stretching frequency (2125 cm-1) are obtained at the PBE level. A scaling factor  = 2143/2125 

= 1.0085 has been applied to all frequencies to take into account the difference with respect to the 



experimental CO frequency (2143 cm-1). The effective charge of Pt atoms was evaluated by using 

Bader approach which is proposed by Henkelman et al. [32,33,34,35]. 

 

3. Results and Discussion 

3.1 CO adsorption energies and their relation to vibrational frequencies 

Figure 1 shows IR measurements of adsorbed CO on isolated Pt atoms, Ptiso, 1 nm metallic Pt 

clusters (Ptmetal), and 1 nm pre-oxidized Pt clusters (Ptox) at various temperatures during TPD 

experiments. Figure 1A shows IR spectra of CO adsorbed to Ptiso following the mild reduction 

pretreatment. A single CO stretch was observed at 2113 cm-1 consistent with previously assignments 

of CO adsorption to cationic Ptiso species [36,37, 15,20]. As before, a narrow FWHM of 10.5 cm-1  

was observed and during the TPD, total desorption of CO was observed by ~5 °C. Due to the high 

degree of symmetry and unchanging band position, the band was approximated well by both a 

Gaussian and Lorentzian (Cauchy) functions. The peak area was quantified using the FWHM, CO 

band position, and normalized intensity (height) at each temperature to determine Tp, which for the 

single CO adsorption site was found to be -10 °C using both fitting functions, corresponding to a 

calculated adsorption energy of 0.87 eV. 

 

 

 

Redhead analysis of the 1 wt% Pt clusters was less straightforward than the case of Ptiso 

where there was a single well-defined CO stretch. For Ptmetal, four Gaussian functions (fitting using 

Lorientzian functions gave similar results) of equal FWHM (20 cm-1) were used to approximate 

each spectrum and the remaining parameters of the Gaussian (band center and height) were varied 
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Figure 1.  CO TPD-IR spectra from Ptiso, Ptmetal and Ptox catalysts. (A) CO TPD-IR spectra taken from a 

reduced 0.025% Ptiso/TiO2 catalyst after CO saturation at -140 °C and Ar flush. (B) CO TPD-IR spectra 

following room temperature adsorption to saturation coverage and flushing in He on a pre-reduced 1 wt % 

Pt/TiO2 catalyst. (C) CO TPD-IR spectra during an identical TPD experiment on a pre-oxidized 1 wt % 

Pt/TiO2 catalyst as shown in (B). 

 



manually until the fit was sufficiently accurate, see Figure S2A. To aid in fitting, constraints were 

imposed on the manual fitting. First, because it is well known that dipole-dipole coupling blue shifts 

the band position of CO on metals [38], the CO stretching frequency of each Gaussian function fit 

was either held constant from the previous spectrum or decreased during the temperature ramp. 

Second, the height of a peak was only ever increased if a higher frequency CO-Pt stretch had 

decreased suggesting that desorption induced minor restructuring or that CO had diffused to a lower 

coordinated Pt site, known to bind CO more strongly [39]. Similar to our previous studies, no 

evidence of energy transfer between lower and higher frequency CO stretches was observed during 

the CO adsorption or desorption, which is well known on stepped Pt single crystals [40,41,42]. This 

suggests the large radius of curvature on these small Pt clusters minimized coupling between CO 

dipoles on sites with different coordination.   

Once all spectra were fit, a numerical derivative of the area of each CO stretch was taken to 

find local peak desorption temperatures. In the case of fitting multiple peaks it proved more useful 

to look at the derivative of the cumulative desorption profile to identify the peak desorption 

temperatures: 75, 180, 265, and 300 °C corresponding to bands at 2079, 2062, 2045 and 2028 cm-1, 

respectively. The cumulative desorption profile was then subdivided and the derivative of the sum 

of the two higher frequency Gaussian fits and of the two lower frequency Gaussian fits were used to 

assign the CO adsorption sites to the Tp values as shown in Figure S3(A). Because IR spectra take 

time to collect and the ramp rates should be relatively fast for TPD experiments where Redhead 

analysis is applied, the data spacing is larger than desired and the derivatives sometime span large 

temperature ranges. For this reason, a minimum threshold for the numerical derivative, dA/dT > 0.1, 

was used to filter out minor fluctuations in the derivative which should not be considered peak 

desorption temperatures. In Figure S3(A) the derivative of the summed higher coordination CO-Pt 

stretches have 2 clear local desorption maxima at 75 and 180 °C which are most reasonably 

assigned to CO desorption from the most highly coordinated Pt in the metal clusters, respectively, 

2079 and 2062 cm-1 [40,43,44]. For the lower coordination fit local desorption maxima at 265 and 

300 °C were assigned to 2045 and 2028 cm-1 respectively [39,40,43,44]. 

A similar analysis of CO desorption from Ptox sites was executed. Due to the additional 

presence of CO stretches associated with adsorption on cationic Pt sites, six Gaussian functions, 

rather than four as for CO on Ptmetal, were used to fit the spectra (FWHM = 20 cm-1). The following 

CO band positions were observed: 2117, 2103 cm-1 (CO stretches associated with adsorption on 

cationic Pt) [45] and 2085, 2066, 2049, 2031 cm-1 (CO stretches associated with adsorption on 

metallic Pt sites), Figure S3(B). We note that CO exposure to the pre-oxidized Pt clusters likely 



induced partial reduction causing the co-existence of CO adsorption to cationic and metallic Pt 

atoms. Numerical derivatives were again taken for the identified stretches tracked in the fitting. 

Directly correlating the CO-Pt stretches to the peak desorption temperatures proved difficult due to 

the multitude of ways six peaks can approximate a spectrum accurately. Since the Ptox stretches 

were of particular interest, it made sense to group the areas into generalized  CO on cationic and 

metallic Pt cumulative areas and perform the derivative analysis as shown in Figure S3(B). In 

Figure S3(B) there are three obvious CO peak desorption temperatures (50, 150, and 270 °C) which 

correspond to the three identified metallic Pt-CO stretches. There are also 3 higher peak desorption 

temperatures for the CO stretches associated with adsorption on cationic Pt sites at 240, 300, and 

350 °C which are assigned to 2115, 2110, and 2105 cm-1. While only two stretches associated with 

CO adsorbed on cationic Pt were initially identified during the fitting, an intermediate stretch 

around 2110 cm-1 was masked by the overlap of the other cationic Pt-CO stretches. A summary of 

the identified vibrational CO-Pt stretches and their corresponding adsorption energies obtained 

through Redhead analysis (see Equation 1) is tabulated in Table 1 below. 

 

 

Material Pt site description 
Band center 

(cm-1) 

 

(cm-1) 

Tp 

(°C) 

Eads 

(eV) 

0.025% Pt/TiO2 

250 °C reduction 

Pt single site 2113 -30 -10 0.87 

1% Pt/TiO2 

250 °C reduction 

Higher coordination metallic Pt 
2079 -64 75 1.16 

2062 -81 80 1.51 

Lower coordination metallic Pt 
2045 -98 265 1.81 

2028 -115 300 1.93 

1% Pt/TiO2 

300 °C oxidation 

Cationic Pt 

2117 -26 240 1.72 

2110 -33 300 1.93 

2105 -38 350 2.10 

Metallic Pt 2086 -57 50 1.07 

Table 1. Summary of Adsorption Energies of CO to Ptiso, Ptmetal, and Ptox Calculated 

Using Redhead Analysis 



2070 -73 150 1.41 

2056 -87 270 1.82 

 

From the values presented in Table 1, a relationship between the adsorption energy and the 

vibrational frequency of each corresponding CO stretch was plotted, Figure 2. A linear relationship 

between the vibrational frequency of CO and the adsorption energy is observed over the range of 

metallic Pt adsorption sites for both the fully reduced Ptmetal catalyst and the partially reduced Ptox 

catalyst. From the slope, it can be seen that for every 10 cm-1 decrease in the vibrational frequency 

of a CO-Pt stretch, there is an increase in adsorption strength of 0.15 eV for metallic Pt adsorption 

sites. Though there are too few data points to relate adsorption energies to cationic Pt adsorption 

sites, there is a similar trend with lower frequency CO stretches having higher CO adsorption 

energy. The CO stretching frequency has previously been linearly related to the Pt coordination 

number for metallic Pt sites independent of the support [8]. 

This analysis demonstrates that the Pt coordination number has a direct influence on the CO 

adsorption energy and vibrational frequency [8]. Likely, low coordination Pt adsorption sites bind 

CO more strongly due to greater back-bonding from the Pt d orbital and higher electron density in 

the atom, while high coordination adsorption sites exhibit less back-bonding due to distribution of 

electron density across neighboring Pt atoms. A similar argument holds true for relationships 

between CO vibrational frequency and metallic Pt coordination number. This relationship between 

Pt coordination number and CO adsorption energy seems to also hold true for the cationic Pt sites, 

but in this case due to the coordination with highly electronegative oxygen, the electron density of 

the Pt atom adsorbing CO will be significantly decreased causing the significant blueshift in the 

vibrational frequency. Interestingly, it may be expected that the cationic Pt sites should inherently 

bind CO more weakly than metallic Pt sites based on the nature of the bond, however it is also 

important to consider the local coordination number and environment for each adsorption site. 

The adsorption energy of CO to the three catalyst materials quantitatively correlated with 

previously qualitative observations: Ptox has higher CO adsorption energies (1.72-2.10 eV) than 

Ptmetal (1.16-1.93), except at the lowest coordinated Pt sites (i.e. edges, corners) and both have much 

higher adsorption energy than Ptiso (0.87 eV) [20]. The difference in adsorption energy between Ptiso 

and Ptox despite similar stretching frequencies is a useful characterization tool to distinguish the sites 

given similarities in oxidation state and CO stretching frequency [46]. Furthermore, this suggests 



that while the charge state of Pt atoms in Ptox clusters and Ptiso may be similar, differences in their 

local coordination cause significant differences in the CO adsorption.  

 

 

Figure 2. Adsorption energies of CO inferred from Redhead analysis as a function of vibrational frequency for the 

experiments shown in Figure 1. 

 

3.2. Computational models of supported Pt species 

To understand the experimental CO adsorption energies and vibrational frequencies shown for 

various sub-nanometer Pt species, extensive DFT calculations were performed on various forms of 

Ptiso and small metallic and oxidized Pt clusters in the gas phase and on TiO2 supports. 

3.2.1 CO on gas-phase Pt, PtO and PtO2 species 

We first considered CO adsorption on free, gas-phase Pt atom, PtO and PtO2 molecules, Table 2. 

This is useful to assess the basic properties of the CO-Pt bonding without any effect of the support. 

CO binds very strongly to a Pt atom in zero oxidation state, 3.79 eV, and gives rise to a large red-

shift of the CO stretching frequency from the gas phase CO stretch, -74 cm-1. On PtO CO forms a 

linear complex, Figure S4, the bond strength is reduced to 2.06 eV, but the red-shift is only partly 

reduced, being of -53 cm-1, Table 2. Thus, despite a formal Pt oxidation state of +II, the CO 

frequency is red-shifted, and not blue-shifted, as one could expect due to the positive charge on the 

Pt atom (+0.51 e according to the Bader analysis, see Table 2). The last case considered is that of 

CO bound to a PtO2 molecule (see Figure S4). Here the bonding is very weak, 0.30 eV, but 

surprisingly the CO stretching frequency is red-shifted by more or less the same amount found for 

PtO (-55 cm-1). Thus, even a +IV formal oxidation state of Pt as in PtO2 results in a red-shift of the 

CO frequency from the gas phase CO stretch. 
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Table 2. Formal Pt oxidation state, adsorption energy (Eads, eV), C-O bond length (RCO, Å), C-Pt 

distance (RCPt, Å), Bader charge of Pt (Q |e|), scaled harmonic CO stretching frequency (e, cm-1) 

and frequency shift with respect to the gas-phase (cm-1) for CO adsorption on PtOx gas-phase 

clusters. 

System 
CO 

site 

Eads 

(eV) 

RCO 

(Å) 

RCPt 

(Å) 
Q (|e|) 

e 

(cm-1) 

e 

(cm-1) 

Gas-phase species        

Pt Pt0 3.79 1.168 1.752 0.08 2069 -74 

PtO PtII 2.06 1.153 1.931 0.51 2090 -53 

PtO2 PtIV 0.30 1.158 1.836 1.10 2087 -55 

 

3.2.2 Single Pt atoms, Ptiso on a-TiO2 (101) and stepped a-TiO2 (145) surfaces 

We adopted five models for the adsorption of a single Pt atom on the a-TiO2 (101) surface, Figure 3. 

This includes a Pt atom, (Pt)ads, a PtO unit, (PtO)ads, a PtO2 unit, (PtO2)ads, and a Pt atom 

substitutional to Ti, (Pt)subTi, or to O, (Pt)subO, in the lattice. Similar to our recent study [22], we 

assign formal oxidation states of 0, +I, +II, +IV and –II to Pt in (Pt)ads, (PtO)ads, (PtO2)ads, (Pt)subTi, 

(Pt)subO, respectively. We provide here a brief rational of these formal charges, making clear that all 

our computed systems are charge neutral. An adsorbed Pt atom, (Pt)ads, has obviously formal charge 

0. In the (PtO)ads unit Pt has a formal charge +I since the O atom is that of a previous OH group, and 

forms two bonds, one with a Ti atom of the surface, and one with the Pt atom. In the (PtO2)ads unit 

the Pt atom is bound to two O atoms previously part of  OH groups; thus the Pt atoms has a formal 

charge +II. Notice that for these reasons the formal charges of the (PtO)ads and (PtO2)ads supported 

species are different from those of the same units in the gas-phase, see Table 2. If the Pt atom is 

replacing a Ti4+ cation we assign a formal charge +IV, while when it replaces an O anion of the 

surface it assumes a formal charge –II.    

A Pt atom is stabilized by interaction with the oxygen atoms of the TiO2 (101) surface. As 

reported in previous DFT studies [47,48], the atom can be adsorbed on three different sites with the 

most stable one corresponding to a bridging position between two O2c atoms. We thus consider only 

this site, Figure 3a. The second and the third models, PtO and PtO2, can be viewed as the result of 

the interaction of a Pt atom with one or two O atoms from OH groups on the surface. These can be 



naturally present or can be introduced on purpose [20]. The extra oxygen atoms are considered to sit 

on the Ti5c sites as these have higher activity than the Ti6c sites. The most stable structures of 

(PtO)ads and (PtO2)ads at the TiO2(101) terraces are shown in Figure 3b and 3c, respectively. Notice 

that (PtO2)ads has a particular structure where the Pt atom is coordinated to three O atoms, two from 

the former OH groups and one from the lattice, forming a particularly stable PtO3 unit; here the Pt 

atom is directly above a Ti atom from the lattice, Figure 3c. In the last two models considered, the 

Pt atom replaces Ti or O at the lattice sites, Figure 3d and 3e, respectively. The same species have 

been considered also on a stepped TiO2(145) surface, Figure 4. 

 

 

Figure 3. Pt atom adsorbed on a-TiO2 (101) terrace: a) atomic Pt adsorption, b) PtO, c) PtO2, d) substitution of Pt at Ti5c 

site, e) substitution of Pt at O2c site with side view (left) and top view (right). Ti, O and Pt are blue, red and white 

spheres, respectively. 

 



 

Figure 4. Pt atom adsorbed on a-TiO2 (145) stepped surface and formation of a Pt-CO complex: a) atomic Pt 

adsorption, b) PtO, c) PtO2, d) substitution of Pt at Ti5c site. Ti, O and Pt are blue, red and white spheres, respectively. 

 

We first considered a CO molecule adsorbed on a Ti5c cation of the TiO2(101) surface; here CO 

binds weakly (0.34 eV) and the CO stretching frequency, 2187 cm-1, is blue-shifted by +44 cm-1 

(Table 3) in good agreement with experimental measurements [31]. 

The results for CO adsorption on single Pt atoms in different configurations are collected in 

Table 3 (see also Figure S5). CO binds to an adsorbed Pt atom, (Pt)ads, on TiO2(101) with a very 

strong binding energy (2.96 eV) and large redshift (-79 cm-1) with respect to free CO. Notice that 

the binding energy is reduced by about 1 eV compared to the free Pt atom, while the CO frequency 

shifts is almost the same, Table 2. There is a large charge transfer from the under-coordinated Pt 

atom to the anti-bonding 2* CO orbital resulting in an elongated CO bond length. The Bader 



charge of Pt is nearly zero (+0.17 |e|). Very similar results are found for the stepped surface. Here 

CO binds to Pt by 2.74 eV, and e is -71 cm-1. Notice that this reflects the bond-order conservation 

principle: Ptads is more strongly bound on TiO2 step (3.17 eV) than on TiO2 terrace (2.75 eV); as a 

consequence, CO binds more strongly to a Pt atom bound at terrace than at a step, Table 3. We 

notice that (Pt)ads is moving with respect to the original position when CO is bound, Figure S5a. 

Table 3. Formal Pt oxidation state, adsorption energy (Eads, eV), C-O bond length (RCO, Å), C-Pt 

distance (RCPt, Å), Bader charge of Pt (Q |e|), scaled harmonic CO stretching frequency (e, cm-1) 

and frequency shift with respect to the gas-phase (cm-1) for CO adsorption on Pt atom on a-TiO2 

(101) surface. 

a Ref. 31 

 

On (PtO)ads Pt is in a positive oxidation state (Bader charge +0.88 |e|). The CO binding 

energy, 3.06 eV, is similar, to that of (Pt)ads (2.96 eV), but the red-shift in CO stretching frequency 

is smaller, -41 cm-1 vs. -79 cm-1, Table 3. Upon CO binding, the (PtO)ads species is displaced from 

the original position, Figure S5b. The (PtO)ads species has been studied also on the TiO2(145) 

System  CO 

site 

Eads 

(eV) 

RCO 

(Å) 

RCPt 

(Å) 
Q (|e|) 

e 

(cm-1) 

e 

(cm-1) 

a-(TiO2)60
a Terrace TiIV 0.34 1.138 2.467 - 2187 +44 

(Pt)ads(TiO2)60 

(Pt)ads(TiO2)88 

Terrace Pt0 2.96 1.164 1.811 +0.17 2064 -79 

Step Pt0 2.74 1.163 1.808 +0.08 2072 -71 

(PtO)ads(TiO2)60 

(PtO)ads(TiO2)88 

Terrace PtI 3.06 1.157 1.824 +0.88 2102 -41 

Step PtI 2.91 1.155 1.837 +0.82 2101 -42 

(PtO2)ads(TiO2)60 

(PtO2)ads(TiO2)88 

Terrace PtII 1.07 1.152 1.858 +1.19 2121 -22 

Step PtII 0.52 1.153 1.852 +1.32 2107 -36 

(Pt)subTi5c(Ti59O120) 

(Pt)subTi5c(Ti87O176) 

(Pt)subTi5c(Ti87O176) 

Terrace PtIV 1.73 1.146 1.876 +1.48 2148 +5 

Step PtIV 1.88 1.146 1.877 +1.43 2148 +5 

Step PtIV 1.76 1.146 1.881 +1.43 2146 +3 

(Pt)subO2c(Ti60O119) Terrace Pt-II 1.14 1.161 1.899 -0.51 2029 -114 

(Pt)subO3c(Ti60O119) Terrace Pt-II 1.07 1.159 1.917 -0.62 2035 -108 



stepped surface, Figure 4. Notice that the PtO unit is more strongly bound to a TiO2 step, 2.30 eV, 

than on a TiO2 terrace, 1.59 eV. However, the CO adsorption properties are very similar to those 

found on the TiO2 terrace: the CO binding energy to (PtO)ads (2.91 eV) is only 0.15 eV smaller and 

e(CO) is practically the same, -42 cm-1, Table 3. 

We consider now the (PtO2)ads species supported on both terrace and step sites of the TiO2 

surface. These fragments are bound with respect to the free PtO2 unit by 0.60 eV (terrace) and 1.06 

eV (step). The charge on Pt is similar in the two cases, Table 3 (+1.2 |e| vs.+1.3 |e|). We have seen 

above that in the gas-phase CO binds very weakly to the PtO2 complex (0.30 eV, Table 2), and that 

the CO e is -55 cm-1. Given these results, it is not surprising that CO adsorption on (PtO2)ads/TiO2 

is weaker than on the Ptads and (PtO)ads units discussed before. In particular, Eads(CO) is 1.07 eV 

(terrace) and 0.52 eV (step), Table 3. The CO stretching frequencies, 2107-2121 cm-1, are red-

shifted by -22 cm-1 for (PtO2)ads on a terrace, and by -36 cm-1 for the step case, Table 3. Both the 

absolute values and the shifts of the CO vibrational mode are very close to the experimental value 

for the Ptiso species (2113 cm-1, Table 1). Furthermore, the position of (PtO2)ads after CO adsorption 

does not change much, indicating a structural stability of the complex. Experimentally, an 

adsorption energy of 0.87 eV has been deduced from the TPD spectra, Table 1; this is due to a 

single or highly homogeneous species (see the sharp IR signal, Figure 1A) [49]. Since the DFT+U 

approach tends to slightly over-bind, the 0.87 eV measured binding energy fits better with that 

computed for the (PtO2)ads complex formed on the terraces of the TiO2(101) surface (1.07 eV). 

Therefore, we tentatively assign the observed Ptiso species to this structural motif. 

The next case considered is that of a Pt atom replacing a lattice Ti. Here Pt has the highest 

formal oxidation number (+IV) and also the highest Bader charge, +1.4-1.5 |e|, Table 3. We also 

substituted Pt at a Ti6c sites on both terrace and steps, but the CO adsorption results in the formation 

of CO2 by interaction with a lattice oxygen, reflecting the high instability of the incorporated 

(Pt)subTi6c atom. CO binds to (Pt)subTi5c with an adsorption energy of 1.73 eV (terrace) and 1.88 eV 

(step), and gives rise to a small blue-shift of the CO stretching frequency of +5 cm-1 on both terraces 

and steps, Table 3. Clearly, a Pt atom substitutional to Ti5c is not a good model for the Ptiso species 

observed experimentally. 

The last cases considered are those of CO adsorbed to a Pt atom sitting on an oxygen 

vacancy (i.e at a lattice O position). Previous studies of Pt atom adsorption on rutile TiO2 have 

shown that Pt is strongly trapped at oxygen vacancy sites [50]. Thus, two sites, O3c and O2c were 

investigated (only on TiO2 terraces). A negative charge on Pt is found for both (Pt)subO species 



(Bader charges from -0.5 |e| to -0.6 |e|). This results in very large red-shift in CO stretching 

frequencies, of about -110 cm-1, Table 3. The CO adsorption energies are slightly above 1 eV, Table 

1. Also in this case, the results are not compatible with the observed features for the Ptiso species. 

 

3.2.3 Metallic Pt clusters, Ptmetal, on a-TiO2 (101) surface 

Two clusters, Pt3 and Pt4, have been considered to model metallic Pt nanoparticles, Ptmetal, deposited 

on the a-TiO2 (101) surface. Notice that in the experiments the Pt particles have a size of about 1 

nm, i.e. much larger than the nano-clusters used here. In this respect the comparison can only be of 

qualitative nature. For Pt3 we adopted the triangular configuration as the most stable structure 

according to a previous DFT study [47]. In this configuration, two Pt atoms bind to two O2c sites of 

the TiO2 (101) surface and the other one is pointing towards the vacuum, Figure S6a. It has been 

reported that planar Pt4 is the most stable structure on the TiO2 (110) surface [51]. Beside this 

structure, we considered also a tetrahedral initial geometry. It turns out that tetrahedral Pt4 is 0.5 eV 

more stable than the planar one. In tetrahedral Pt4 on a-TiO2 (101) three Pt atoms interact with three 

O2c sites of TiO2 and the fourth Pt atom forms the corner of the tetrahedron, Figure S6b.  

 

Table 4.  Formal Pt oxidation state, adsorption energy (Eads, eV), C-O bond length (RCO, Å), C-Pt 

distance (RCPt, Å), Bader charge of Pt bound to CO (Q |e|), scaled harmonic CO stretching 

frequency (e, cm-1) and frequency shift with respect to the gas-phase (cm-1) for CO adsorption on 

Pt metal clusters on a-TiO2 (101) surface. 

System 
CO 

site 

Eads 

(eV) 

RCO 

(Å) 

RCPt 

(Å) 
Q (|e|) 

e 

(cm-1)a 

e 

(cm-1) 

Pt3(TiO2)60 Pt0-top 1.82 1.165 1.847 0.00 2018 -125 

Pt3(TiO2)60 Pt0-bottom 2.33 1.161 1.843 +0.33 2052 -91 

Pt4(TiO2)60 Pt0-top 2.02 1.161 1.846 +0.38 2047 -96 

Pt4(TiO2)60 Pt0-bottom 2.04 1.163 1.872 +0.08 2030 -113 

 

The properties of CO adsorption on Ptmetal clusters are reported in Table 4. Due to the symmetry of 

Pt atoms in Pt3 and Pt4 clusters, two Pt sites were considered for CO adsorption, the Pt top, toward 

to the vacuum, and Pt bottom, at the interface with TiO2. These structures are shown in Figure 5. On 

Pt3, a large adsorption energy was observed, 1.82 eV for CO bound to Pt top and 2.33 eV for Pt 

bottom, respectively. On contrary, on Pt4 the CO adsorption energy, about 2 eV, is independent of 



the Pt sites when CO is bound. The Pt-CO bond lengths are also nearly the same. These results are 

in line with previous DFT studies of CO adsorption on metal Pt surfaces [52,53]. Furthermore, large 

red-shifts of the CO stretching frequencies are found on Pt3 and Pt4, in the range of -91/-125 cm-1 

which is consistent with experimental FTIR data, Table 1. These results also agree well with the 

measured CO adsorption energies for the most undercoordinated Pt sites (ie. those where CO has the 

lowest vibrational frequency). In these calculations it was not possible to relate Pt coordination 

number in the clusters to CO adsorption energy or vibrational frequency, as done in the 

experiments, due to the small cluster sizes. 

 

 



Figure 5. CO adsorption on Pt atom on top site (a), bottom (interface) site (b) of Pt3 cluster on a-TiO2 (101) surface and 

on Pt atom on top site (c), bottom (interface) site (d) of Pt4 cluster on a-TiO2 (101) surface with side view (left) and top 

view (right). Ti, O, Pt and C atoms are blue, red, white and gold spheres, respectively. 

 

3.2.4 Oxidized Pt clusters, Ptox on a-TiO2 (101) surface 

The experiments show that CO adsorption on oxidized Pt clusters containing cationic Pt (with 

adsorption energies of 1.72-2.10 eV, Table 1) is a bit stronger than on metallic Pt clusters (1.16-1.93 

eV, Table 1). This could be related to the fact that CO interacts with oxidized low-coordinated Pt 

atoms in Ptox particles. Therefore, we considered a few PtxOy cluster models with Pt in different 

oxidation states. As no structural information exists, these structures can be considered as highly 

hypothetical. Furthermore, the size of the oxidized clusters considered is considerably smaller than 

that of the Ptox species (1 nm). We considered Pt2O4, Pt3O6, Pt4O6, and Pt4O7 clusters on the a-TiO2 

(101) surface. Assigning a formal oxidation state to the Pt atoms of the adsorbed Ptox species is not 

easy, due to the interaction of the clusters with the surface and to the fact that the Pt atoms have 

different coordination numbers. For this reason, the assigned oxidation states must be taken with 

care, being more the signature of a different chemical environment of the Pt atom rather than a real 

assessment of its charge. We also remind that all the systems considered are charge neutral. The first 

structure, Pt2O4 is symmetric with each Pt coordinated to four oxygen atoms, one of which is an O2c 

of a-TiO2 (101), Figure S7a. We assigned an oxidation state +III to this Pt, in analogy with our 

study of Ru atom adsorbed on ZrO2 [22], since the Pt atoms are involved in a bonding with a O2c 

anion. In the second model, Pt3O6 cluster, the structure can exist with different configurations but 

we adopted the most stable gas-phase configuration [54], Figure S7b. This model contains two types 

of Pt atoms; we attributed formal oxidation states +III and +IV, depending on the number of oxygen 

atoms bound to Pt; the third model consists of two types of Pt with different oxidation states +II, 

+III, Figure S7c, and the last one contains three different Pt cations with oxidation states +II, +III 

and +IV, Figure S7d. 

 

Table 5.  Formal Pt oxidation state, adsorption energy (Eads, eV), C-O bond length (RCO, Å), C-Pt 

distance (RCPt, Å), Bader charge of Pt bound to CO (Q |e|), scaled harmonic CO stretching 

frequency (e, cm-1) and frequency shift with respect to the gas-phase (cm-1) for CO adsorption on 

Pt oxide clusters on a-TiO2 (101) surface. 

System CO Eads RCO RCPt Q (|e|) e e 



site (eV) (Å) (Å) (cm-1)a (cm-1) 

Pt2O4(TiO2)60 PtIII 1.17 1.153 1.850 +1.24 2102 -41 

Pt3O6(TiO2)60 PtIII 1.62 1.150 1.881 +1.18 2115 -28 

Pt3O6(TiO2)60 PtIV 1.82 1.154 1.858 +0.98 2097 -46 

Pt4O6(TiO2)60 PtII 2.07 1.158 1.807 +1.00 2086 -57 

Pt4O6(TiO2)60 PtIII 1.47 1.151 1.891 +0.69 2103 -40 

Pt4O7(TiO2)60 PtII 2.29 1.152 1.861 +1.11 2104 -39 

 

For the CO adsorption complexes, we considered all possible adsorption sites on Ptox 

clusters deposited on TiO2 (101), see Table 5 and Figure 6. On Pt2O4, the CO adsorption energy, 

1.17 eV, is similar as for CO on PtO2, 1.07 eV. This is consistent with the high oxidation state of Pt 

(Bader charge, +1.24 |e|). There is a small red-shift of the CO frequency with respect to free CO, -41 

cm-1. On Pt3O6, two Pt sites with oxidation state +III and +IV were considered. The bonding of CO 

on Pt(+IV) is stronger than on Pt(+III), 1.82 eV vs. 1.62 eV, respectively. While the Pt atom 

remains coordinated to three oxygen atoms after CO adsorption for the Pt(+III) case, Figure 6b, the 

coordination (and oxidation state) of Pt are reduced when CO binds to Pt(+IV), Figure 6c. Although 

CO adsorption on Pt2O4 and Pt3O6 models show a similarity to the experimental data in terms of red 

shift (-28/-46 cm-1 vs. -3/-53 cm-1), the smaller CO adsorption energy on Pt2O4 and Pt3O6 cluster 

compared to metallic Pt cluster, is not in line with the experimental observation. In this respect, the 

PtxO2x models do not reproduce all the observations. 

Thus, we considered other models where the O:Pt ratio is smaller. On Pt4O6 cluster, we 

considered CO adsorption on two Pt atoms, Pt (+III), Pt (+II), Figure 6d and 6e, respectively. As 

expected, a stronger adsorption energies is found for CO on Pt with the lower oxidation state (+II), 

2.02 eV, compared to the Pt with higher oxidation state (+III), 1.47 eV. These adsorption energies 

are comparable to those measured for cationic Pt, from 1.72 to 2.10 eV, Table 1. The CO vibrational 

shift, -57 and -40 cm-1, respectively, is also not far from the measured shifts for CO on cationic Pt (-

26 to -38 cm-1).  

The last model studied is CO adsorption on Pt4O7. Also in this case we considered two Pt 

sites with different oxidation states, Pt (+IV) and Pt (+II). On Pt (+IV), however, CO binds to the 

extra oxygen to form CO2, indicating an unstable structure. Therefore we reported only the complex 

where CO is bound to Pt (+II), Table 5 and Figure 6f. Here a high adsorption energy, 2.29 eV, and 

small red-shift of CO stretching frequency, -39 cm-1, are obtained. Both Eads and e are in 



reasonable agreement with the experimental observations. Therefore, we can close this section with 

the conclusion that the Ptox clusters should have a stoichiometry not far from PtxO1.5x.  

 

 

Figure 6. CO adsorption on a) Pt2O4, b) Pt3O6 at Pt (+IV), c) Pt3O6 at Pt (+III), d) Pt4O6 at Pt (+III), e) Pt4O6 at Pt (+II) 

and f) Pt4O7 at Pt (+II) on a-TiO2 (101) surface with side view (left) and top view (right). Ti, O, Pt and C atoms are blue, 

red, white and gold spheres, respectively. 

 



4. Conclusions 

Recent experimental studies have reported catalysts consisting of thermally stable Pt atoms, 

and sub-nanometer sized metallic and oxidized Pt clusters on 5 nm particles of anatase TiO2. The 

species have been studied by means of STEM and CO probe molecule FTIR methods, and have 

been classified as isolated Pt (Ptiso), Pt nanoparticles (Ptmetal), and oxidized Pt nanoparticles (Ptox). 

The Ptiso/TiO2 catalysts are active in CO oxidation and show behavior consist with single site 

cationic Pt species that coordinate to CO more weakly than the Ptmetal or Ptox species. In this work, 

the characterization has been extended by performing an analysis of the FTIR spectral features of 

the various species in combination with new TPD data. This allows us to obtain estimates of the CO 

vibrational properties and adsorption energies to be compared with extensive DFT+U calculations. 

The FTIR analysis of CO adsorption on these species show a symmetric, narrow and 

unchanged band at 2113 cm-1 due to atomically dispersed Pt atoms; a broader set of band at 2028-

2079 cm-1 attributed to Ptmetal particles; and bands in the range 2105-2117 cm-1 attributed to cationic 

Pt species in Ptox nanoparticles. The corresponding CO adsorption energies are: Ptiso 0.87 eV; Ptmetal 

1.16-1.93 eV; cationic sites of Ptox 1.72-2.10 eV. 

Various models of single Pt atoms, metallic Pt clusters and oxidized Pt clusters adsorbed on 

a-TiO2 (101) and a-TiO2 (145) surfaces have been considered. By comparison between calculated 

results and experimental data, some conclusions can be drawn: 

- In agreement with our previous study on Ru adsorbed on ZrO2 [22], a large redshift is found for 

the frequencies of CO adsorbed on atomic Pt on TiO2 (101) surface as compared to gas phase CO, 

despite the positive oxidation state of the metal atom. This is due to the presence of a sufficient 

electron density on the 5d levels of Pt, which also suggests a potential catalytic role of this species. 

- A single Pt atom incorporated into TiO2 by replacing a Ti or an O atom in the lattice, suggested 

experimentally to explain the strong thermal stability of Pt atoms on rutile TiO2 [50], is 

incompatible with the computed data. In fact, neither the CO adsorption energy nor the CO  shift 

for (Pt)subTi5c or (Pt)subO2c match the experimental results. 

- Oxidized Pt clusters with stochiometries close to PtxO1.5x result in high CO adsorption energies, 

and moderate vibrational frequency redshifts, consistent with the experimental measurements on 

Ptox clusters. Small metallic Pt clusters exhibit large red shifts and CO binding energies comparable 

and in some cases smaller that PtxO1.5x clusters. Both the small metallic and PtxO1.5x clusters exhibit 

much stronger CO binding as compared to (PtO2)ads. These trends are all in good agreement with the 

experimental results. 



- It is interesting to consider that CO on the PtxO1.5x and (PtO2)ads structures give similar CO 

vibrational frequencies, but almost 1 eV difference in binding energy. This is due primarily to the 

more flexible structure of PtxO1.5x species compared to the rigid (PtO2)ads, which does not 

significantly change structure to accommodate strong CO binding. 

- The moderate redshifts (-41/-22 cm-1) of CO bound to (PtO)ads and (PtO2)ads species are in line 

with the experimental observation (-33 cm-1). However, a strong adsorption energy and an important 

restructuring are found when CO is bound to (PtO)ads, indicating that this species in incompatible 

with the experimental Ptiso species. On the other hand, an excellent agreement with experiment in 

both CO frequencies and adsorption energies is found for (PtO2)ads models. In particular, a (PtO2)ads 

adsorbed on the terraces of the TiO2 (101) surface exhibits a CO e of 2121 cm-1 (exp. 2113 cm-1) 

and an adsorption energy of 1.07 eV (exp. 0.87 eV). Notice that in these models Pt is bound to three 

O atoms, giving rise to a strongly trapped species, and that Pt is just above a Ti atom of the lattice, 

making its identification possible in TEM measurements. 

It is worth discussing the findings here in the context of recent reports that relied on CO 

probe molecule IR spectroscopy as a primary means to characterize Ptiso species [55,56,57,58]. Here 

it was shown that Ptiso species in different adsorption sites on TiO2 display a range of characteristics 

( and Eads) for adsorbed CO, which require detailed comparison to distinguish from CO adsorbed 

to small Pt clusters. Given the similar characteristics of adsorbed CO on various sub-nanometer Pt 

species, analyses attempting to relate local structure to function for Ptiso species should ensure that 

there is no contribution from small Pt clusters, and further that Ptiso species are homogeneously 

dispersed at similar sites on the support. A recent analysis that achieved this precise characterization 

showed that Ptiso species on thin Cu oxide films on Cu single crystals are of neutral charge, which 

results in an adsorbed CO stretch of 2028 cm-1, clearly distinct from the 2113 cm-1 stretch reported 

here [57]. This difference in behavior as a function of support demonstrates the importance of Ptiso-

support interactions for the functionality of this class of catalysts.  
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